
Wide applications of the Non-Scaling FFAG’s and 
a report from the latest FFAG workshop at TRIUMF

• Introduction: what is the scaling and non-scaling FFAG?
• A little bit of chronology.
• Possible wide applications with few examples.
• FFAG’s in the BNL? A team of experts had already been formed.
• The major results from the TRIUMF workshop.
• Short report from many presentations by: E. Keil, S. Berg, R. 

Palmer, S. Ruggiero, Al Garren, C. Johnstone, S. Koscielniak, M.
Craddock, A. Sessler, Y. Morri, F. Shouxian, D. Kalchev, T. 
Suzuki, S. Machida, S. Kahn, G. Clark.



What is the SCALING FFAG ?

∆R~60-100 cm

Ν=2π/(Ν1+Ν2)
ρ = r1 sin(θ/2)/sin(β/2)=r θ/β
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MURA-KRS-6
November 12, 1954
K. R. Symon: The FFAG SYNCHROTRON – MARK I





Original FFAG Phys. Rev. article (1956)





K.R. Symon pend =  10.9 GeV/c δp/pc= +/−98 %
pinitial= 97.0 MeV/c
pc= 5.5 GeV/c

C = 2πro~612 m

Orbit offsets



150 MeV FFAG at KEK
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What are the basic parameters?

• Required Range of Energies (or dp/p)
– the “central” energy or momentum po is in two examples presented 

later set to 10 GeV or 15 GEV. The acceleration would be possible 
from 5 GeV up to 15 GeV or from 10 GeV up to 15 GeV.

– Aperture limitation is defined by the maximum value of the 
DISPERSION function: ∆x <  Dx * dp/p < +/- 35 mm

• if the 0.5 <  dp/p < 1.5 then:

• Dx < 70 mm
• Why is the Minimum of the < H > function relevant?

– The normalized dispersion amplitude corresponds to the  <H>1/2  !!!
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The minimum emittance lattice:
• The minimum emittance lattice requires reduction of the function  H:

– The normalized dispersion amplitude corresponds to the  <H>1/2  

– Conditions are for the minimum of the betatron function βx and 
dispersion function Dx to have small values at the middle of the 
dipole (combined function dipole makes it even smaller).

βmin= Ld/2√15

Dxmin=θ∗ Ld/24



5NSLS reduction of the NSLS reduction of the emittanceemittance: 10 times: 10 times





θQD√ βmin

θQF√ βmax

FODO cell

√ Η

DejanDejan Trbojevic:Trbojevic:
Minimization ofMinimization of
the H functionthe H function
applied for theapplied for the
FFAG designFFAG design





Scaling or non- scaling FFAG?

Scaling FFAG properties:
Zero chromaticity.
Orbits parallel for different energies.
Large momentum acceptance.
Relatively large circumference (θ1/θ2).
Relatively large physical aperture.
RF:large aperture-follows the energy.
Tunes are fixed for all energies.
Negative momentum compaction.
Orbits of the high energy particles are 
at high field, low energy particles at 
low field.

Non-Scaling (linear) FFAG properties:
Chromaticity is changing.
Orbits are not parallel.
Large momentum acceptance.
Relatively small circumference.
Relatively small physical aperture.
RF:small aperture-at the crest.
Tunes move 0.4-0.1 in basic cell.
Momentum compaction changes.
Orbits of the high energy particles 
are at high field, low energy 
particles at low field.

FODO or TRIPLET or DOUBLET? 
For the same magnet properties larger circumference and larger Xco.
For the same dispersion [ ∆x=Dx∗ dp/p ] and the same magnet smaller field and 
larger circumference. 
The FODO has larger available free space.





Progress in our BNL FFAG lattice design:

1999-2001 - Dynamical aperture was reduced due to sextupoles.
October 2002: the small opposite bend was introduced:

This change allowed removal of the sextupoles.
Very large dynamical aperture.
The tunes are still vary-but between 0.4-0.1 in the basic cell.

January 2003: Additional defocusing quadrupole was removed and a 
larger area for the cavity placement was provided.

The lattice became extremely simple and easy to analyze.
The analytical solutions showed problems with the available codes.

May 2003: Both magnets are complete combined function magnets.
The acceleration might require either additional harmonic or reduction of 
the path length difference.
The magnets required are being investigated by the magnet division at 
Brookhaven National Laboratory. It looks like there are simple solutions.
2003-2004 Analytical and different codes results and tracking work(PTC, 
COSY, MADX-PTC, SYNCH etc.) have shown no stoppers.



FFAG solution presented in the talk December 2000.



Back to the plan of presentation: Examples

• Muon acceleration example 10-20 GeV
• Proton Driver 200 MeV-1.2 GeV
• eRHIC – electron acceleration from 3 GeV to 

10 Gev
• Electron Demonstration Ring: acceleration 

from 10 MeV to 20 MeV, Circumference=15 m



DejanDejan Trbojevic:Trbojevic: MuonMuon Acceleration 10Acceleration 10--2020 GeVGeV
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DejanDejan Trbojevic:Trbojevic: MuonMuon Acceleration 10Acceleration 10--2020 GeVGeV



Dejan Dejan Trbojevic:Trbojevic: MuonMuon Acceleration 10Acceleration 10--20 20 GeVGeV

-28.95 mm

+46.47 mm

1.50 m 0.50 m

PTC – Orbits at each momentum BL=1.50 m

66 Cells=5.046 m, Circumference 323 m

BF=2.85 T, BD=5T,GF =66.7 T/m, GD=-35.4T/m 



DejanDejan Trbojevic:Trbojevic: MuonMuon Acceleration 10Acceleration 10--2020 GeVGeV

Betatron Function during Acceleration



Dejan Dejan Trbojevic:Trbojevic: MuonMuon Acceleration 10Acceleration 10--20 20 GeVGeV



D. Trbojevic: D. Trbojevic: MuonMuon acceleration10acceleration10--20 20 GeVGeV



Mike Mike BlaskiewiczBlaskiewicz: : MuonMuon Acceleration 10Acceleration 10--20 20 GeVGeV



DejanDejan Trbojevic:Trbojevic: MuonMuon Acceleration 10Acceleration 10--2020 GeVGeV



FFAG Proton Driver



-76.27465-76.27465
117 mm

67 mm

dp/p = -52 % - +52 %

Bo=0.5858 T, Bneg=-0.42 T, GradientF=6.1T, GradientD=-3.1T

Circumference = 220 m
Cell = 3.7 m, BL=1.35 m , QF=0.38m

FFAG Proton Driver



∆x = Dx δp/p = 0.07 m * 0.50 = 35 mm
∆x = Dx δp/p = 0.07 m * 0.50 = 35 mm

eRHIC: Electron acceleration from 3-10 GeV with a non-
scaling linear field FFAG lattice



eRHIC: Electron acceleration from 3-10 GeV with a non-
scaling linear field FFAG lattice



LQD = 1.66 m LQF=0.43 mLQF=0.43 m

Electron path during acceleration within the basic cell
C=1277 m, 273 cells, L=4.68 m

-19.8 mm

47.0 mm



eRHIC: Electron acceleration from 3-10 GeV with a non-
scaling linear field FFAG lattice



Mike Blaskiewicz eRHIC: Electron acceleration from 3-10 GeV



D. Trbojevic: Electron demonstration ring 10D. Trbojevic: Electron demonstration ring 10--20 20 MeVMeV



D. Trbojevic: Electron demonstration ring 10D. Trbojevic: Electron demonstration ring 10--2020 MeVMeV

GRADIENTS:   GF    =     7.06035 T/m
GD    =   - 4.59590 T/m

Dimensions:
LBD =  10 cm
LQF =   3.8 cm
CAV  = 10.6 cm
Drift   =  3.12 cm

Bending Fields:
ByQD =     0.1093  T
ByQF =  − 0.0520  T

Bending angles:
ANGQD =  0.2186575  
ANGQF  = -0.039516

θ2/θ1 = 0.180

Dimensions 
and Fields:



D. Trbojevic: Electron demonstration rings 10D. Trbojevic: Electron demonstration rings 10--2020 MeVMeV



D. Trbojevic: Electron demonstration ring 10D. Trbojevic: Electron demonstration ring 10--2020 MeVMeV

PTC: ORBITS

-7.5mm

13.7 mm

BD=10 cmQF=3.8cm



FFAG’s within the BNL?
Team of experts at BNL has been formedTeam of experts at BNL has been formed: R. Palmer, E. D. 

Courant, J. Kewisch, S. Ruggiero, M. Blaskiewicz, S. Berg, S. 
Kahn, R. Fernow, N. Tsoupas, D. Trbojevic …

Where?
o Electron demonstration ring 10-20 MeV? (ATF or el. cooling). 
o Proton (heavy ion) driver: for the ‘Super-beam’ or muon

acceleration for the neutrino factory?
o Instead of CYCLOTRON for the isotope production?
o NSLS upgrade?
o eRHIC?
o Proton or carbon therapy?
o Proton driven nuclear reactor?



FFAG04 at TRIUMF : A great personal satisfaction after a FFAG04 at TRIUMF : A great personal satisfaction after a 
long but persistent struggle:long but persistent struggle:

The first publication was from the Montauk workshop on September 30, 1999: Trbojevic, 
D., Courant, E. D., and Garren, A., FFAG Lattice Without Opposite BendsFFAG Lattice Without Opposite Bends, 
Trbojevic, D., ““FFAG lattice without opposite bendsFFAG lattice without opposite bends””,, KEK Workshop on FFAG 
Synchrotrons, October 11, 2000. 
Accelerator physics seminar talk at Brookhaven National LaboratoAccelerator physics seminar talk at Brookhaven National Laboratory: ry: DejanDejan Trbojevic, Trbojevic, 
December 14, 2000: : ””Fixed Field Alternating Gradient Lattice (FFAG)  without Fixed Field Alternating Gradient Lattice (FFAG)  without 
Opposite BendsOpposite Bends””..
MuonMuon Collaboration Meeting at Berkeley, Collaboration Meeting at Berkeley, February 2, 2001. . DejanDejan Trbojevic: Trbojevic: ““Some Some 
taught about  retaught about  re--circulatorcirculator””..
Collaboration Meeting Neutrino Factory at Brookhaven National LaCollaboration Meeting Neutrino Factory at Brookhaven National Laboratory.boratory.
Trbojevic, D., Courant, E., Garren, A.  “Fixed field alternating gradient lattice design 
without opposite bends”.  Eighth European Particle Accelerator Conf. (EPAC’02), Paris, 
France, June 3-7, 2002, pgs. 1199-1202 (2002) BNL-69007.
PAC2003, Portland, Oregon, May 16, 2003, ““FFAG LATTICE FOR MUON FFAG LATTICE FOR MUON 
ACCELERATION WITH DISTRIBUTED RFACCELERATION WITH DISTRIBUTED RF””,, D. Trbojevic, J.S. Berg, 
M.Blaskiewicz, E.D. Courant, R. Palmer, BNL, Upton, New York, A.A. Garren, LBL, 
Berkeley, California, USA.
FFAG update at the KEK workshop July 8, 2003.
FFAG workshop at BNL (October 2003)
TRIUMF FFAG workshop (April 2004)
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Bob Palmer – with body sextp.
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Bi-parabolic Oscillator
Shane Koscielniak

Phase space of the equations
x'=(1-y2) and y'=a(x2-1)

Topology discontinuous at a =1
For a < 1 there is a sideways serpentine path
For a > 1 there is a upwards serpentine path 
For a ≡ 1 there is a trapping of two counter-

rotating eddies within a background flow.

animate1.avi

a=1/10 a=1/2

Animation: evolution of phase 
space as strength `a’  varies.

a=1 a=2

Condition for connection of 
libration paths: a ≥ 1



Quartic Pendulum Oscillator
Shane Koscielniak Phase space of the equations

x'=y2(1-b2y2)-1
and y'=a.Cos(x)

Animations: evolution of phase space as strengths `a,b’  vary.

animate4.avi
Click on video clip to run Click on video clip to run 

animationanimation
animate42.avi

Click on video clip to run Click on video clip to run 
animationanimation

Parameter `a` is varied from 0.1 to 
2.9 while `b` held fixed at b=1/3.

Parameter `b` is varied from to 0.1 to 
0.5 while `a` held fixed at a=3/4.

Remember to close media player before proceeding to next slide/aRemember to close media player before proceeding to next slide/animationnimation
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Rick Baartman: Fast Crossing of Betatron Resonances



Rick Baartman: Fast Crossing of Betatron Resonances



Rick Baartman: Fast Crossing of Betatron Resonances



Rick Baartman: Fast Crossing of Betatron Resonances



Rick Baartman: Fast Crossing of Betatron Resonances



Kuno Joshikata: Physics Potential of Muon and Neutrino Factory 
Based on FFAG’s
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